Abstract
Introduction

17
Water plays a very important role in concrete structures durability. This fact is well illustrated by the 18 results of Tuutti [1] which relate the variations of the corrosion current of steel embedded in a 19 carbonated mortar as a function of the external relative humidity (RH). In a more general way water is 20 necessary for the chemical reactions to occur (in solution) and presents a significant impact on concrete 21 transport properties. The durability assessment of concrete structures thus necessitates an accurate 22 description of water transport all along service life. Among the data needed to compute water flow in 23 unsaturated conditions, the water sorption isotherm and permeability are the most important (see part 24
2). In the field of radioactive waste management, the concrete structures and containers would also 25 have to cope with heating due to the waste thermal output (the maximal temperature to be reached is 26
80°C). 27
It has been known for long that water transport is strongly influenced by temperature. Experiments 28 performed on cementitious materials have shown that the higher the temperature, the faster the water 29 transport [2] [3] [4] [5] [6] [7] [8] [9] . Several authors used the diffusion equation to describe isothermal drying experiments. 30
In so doing, the resulting moisture diffusivity D was found to increase with temperature. Glover and 31
Raask [4] showed the moisture diffusivity of a Portland cement paste (water-to-cement ratio w/c = 0.28) 32 was multiplied by 11 to 15 between 30 and 70°C whereas Wong et al. [7] obtained a factor 6 to 8 33 between 20 and 40°C for three concretes (Portland cement, w/c = 0.4, 0.5 and 0.6). In the same way 34 Powers [5] measured the permeability of Portland cement pastes (w/c from 0.5 to 0.8) between 0 and 35 27°C using water. The resulting hydraulic conductivity (that depends on water viscosity, in m/s) was 36 found to increase by a factor 3. Hughes et al. [2] and Hancox [3] dried Portland cement paste samples 37 (w/c = 0.3 and 0.5) at temperatures ranging from 21 to 95°C. The diffusivity increase with temperature 38 was found to follow Arrhenius' equation. The mean activation energy was 43 kJ/mol (10.2 kcal/g/mol). 39 9 purpose, the paste water to binder ratio w/b was adjusted to account for the water brought by the 162 superplasticizer and absorbed by the aggregates. Moreover this value appeared to yield good properties 163 of each fresh paste (good workability, neither visible segregation nor bleeding). The composition of each 164 paste is given in Table 1 . 165 The four pastes were prepared in the laboratory in ten consecutive batches (two liters each) spanning 168 over three days. Each specimen was cast in a cylindrical mold (Ø35 × H60 mm for water adsorption 169 experiments and Ø51 × H80 mm for permeability assessment experiments) which was then hermetically 170 closed and kept at 20°C for seven days before unmolding. All the specimens of the same formulation 171 were immersed in a special curing solution inside an air-tight chamber (to prevent carbonation) for three 172 months. The composition of the curing solution was adjusted to prevent calcium and alkalis leaching. For 173 the CEM I, CEM II and CEM V pastes we determined the curing solution composition by expression of the 174 pore solution [39] and analysis using ionic chromatography ( Table 2 ). The samples used for extraction 175 were kept three months in sealed bags (rather than under water to prevent dilution of the alkalis). 176
Analysis of the solutions at the beginning and end of the cure showed limited change (Table 2) . 177 
180
The sodium content of the three cements is quite low (and especially in comparison to the potassium 181 content). This is a direct consequence of the cements composition, low in sodium (Table 3) . 182 
184
For the Low-pH which pore solution is known to exhibit great concentration variations in the first months 185 of hydration (portlandite is gradually consumed to precipitate new C-S-H: portlandite completely 186 disappears after two months) [38], a different approach was chosen. Several samples were reduced into 187 a rough powder and added to deionized water to generate the curing solution. 188
After the curing period, both ends (top and bottom) of each sample were sawn (using a diamond wire 189 saw with water) and discarded. This resulted in smaller cylinders (Ø35×H50 mm for water adsorption 190 experiments and Ø51×H60 mm for permeability assessment experiments) that were assumed to present 191 homogeneous properties versus height [40] [41] [42] . Because the specimens were kept under water for three 192 months after casting, full saturation at the cure end was assumed: no additional procedure was thus 193 used to ensure initial saturation (for instance saturation under vacuum). It was however verified on a few 194 samples that no water uptake was observed after 48 hours under water and vacuum. 195
Mineralogical composition
196
The portlandite content was measured using thermogravimetric analysis (TGA). Just after the cure, a 197 specimen was powdered in a CO2-free glove box and 120 mg (± 1 mg) were placed in an automated TG 198 analyzer (Netzsch STA 409 PC). The temperature was increased at constant rate (10 °C/min) under dry 199 nitrogen flowrate (60 mL/min). The portlandite content was computed using the mass loss obtained 200 between 400 and 600°C. 201
The C-S-H concentration was estimated following the approach of Olson and Jennings [43] that relates 202 the amount of water adsorbed at 20% RH to the C-S-H content. It was then implicitly assumed that the 203 calcium-to-silicon (C/S) ratio of the C-S-H was equal to 1.7. We took advantage of the experimental water 204 retention curves to assess the water content at equilibrium at 20%. The model proposed by Pickett [44] 205 was fitted to the experimental results and used to compute the water content at 20% (see part 3.4.). 206
Porosity and microstructure
207
The specific gravity of the saturated materials H was measured using the buoyancy method following 208 current recommendations (French standard P18-459:2010): the saturated specimens were weighed 209 under water and in air (using a 1 mg accurate device). In air, the water in excess on the specimen surface 210 was removed using a wet cloth. The measurements were done in an air-conditioned room (20 ± 2°C). 211
The porosity to water ∅ (by volume) was determined by oven-drying until constant weight; different 212 drying temperatures were used from 20°C to 105°C for comparison purposes. At 20°C and 50°C we used 213 silica gel as desiccant (RH ≈ 3%) whereas calcium chloride proved to be much more efficient at 80°C (RH 214 measured at 0.0% using capacitive hygrometer). No desiccant was used at 105°C (the RH decrease 215 induced by heating at 105°C is high enough). A different five-sample set was used for each configuration. 216
Due to the great number of sample-sets all the five specimens were weighed together; this explains why 217 there is no variability information in this case (no standard deviation). 218
The pore-size distribution was characterized using mercury intrusion porosimetry (MIP). Some specimens 219
were first kept a few months in sealed containers above silica gel (at 20°C and 50°C) or calcium chloride 220 (at 80°C) to remove most of the evaporable water. They were crushed into pieces (several millimeters 221 thick), freeze-dried using liquid nitrogen and eventually tested (up to 414 MPa). Three or four replicates 222 were tested for each experiment. 223
The specific surface area of each paste was assessed either directly by MIP or by post-processing the 224 experimental water desorption isotherms using the linear form of the BET model [45] : 225 
Water retention curves
236
They were characterized in a classical way using the desiccator method [49] following the protocol used 237 in [13] . Four cylinders (Ø35×H50 mm) of each formulation were put in a desiccator above a saturated salt 238 solution for RH control (sixteen specimens were then introduced into the same desiccator). The 239 specimen dimensions may seem big, but the low specific surface area of the specimens allowed us not to 240 take any precaution against carbonation and to limit the potential impact of sawing (superficial cracking). 241
The main disadvantage was the increase of the time needed to reach hygral equilibrium. We then 242 determined the whole desorption isotherm for each paste by submitting different sets of specimens to 243 different RHs (using different desiccators) simultaneously rather than submitting a unique set to 244 decreasing RH steps. This was expected to induce some variability but it allowed reducing drastically the 245 whole experiment duration. 246
This experiment was conducted at 20, 50 and 80°C. At 20°C, the desiccators were kept in an air-247 conditioned room (20°C ± 2°C) whereas ovens were used for the two other temperatures: three different 248 ovens were used for 50°C and two for 80°C. At 50°C the regulation did not appear to be fully satisfactory: 249 the temperature in the three ovens was found to be ranging from 50 to 60°C. This is believed to have 250 induced some variability in the isotherm characterization. At 80°C, the temperature variability was far 251 less than 1°C. The salt solutions used and the resulting RHs are reported in Table 4 . 252 
254
Periodically we opened each desiccator, weighed each specimen-set (weighing each sample would have 255 been too much time-consuming) and computed the corresponding relative mass variation to monitor 256 sample drying: 257 Once the equilibrium was reached for all the sets of specimens (that is to say when ε was lower than 280 0.05%), the desorption isotherm could be evaluated using the initial properties (specific gravity H and 281 16 porosity ∅) and the relative mass variations at equilibrium. It was found convenient to describe the 282 pastes saturation state using the water content w which is defined as the ratio of water to dry solid by 283 mass. In our case it could be easily calculated using the following equation: 284 far as only the first desorption is concerned (no preliminary drying and no further resaturation) drying at 291 80°C (using CaCl2) was chosen here for commodity. In so doing, it was implicitly assumed that the 292 80°C-induced degradation influence on total porosity could be neglected. The authors acknowledge that 293 drying at 80°C is not the common procedure. The reader should remind that porosity was also measured 294 using different protocols (Table 8) and it is possible to use eq. (18) to recalculate the desorption 295 isotherms (for instance 105°C). 296
Two different models were used to fit the desorption isotherms: Mualem-van Genuchten equation (eq. • `9 is a positive constant that is related to the energy of adsorption of the first layer; 306
• A 9 the monolayer value corresponds to the water content that is needed to complete a 307 monomolecular layer; 308
• n represents the maximal number of adsorbed layers; 309
• b is related to the rate of evaporation/condensation of water molecules in the layers. 310
Permeability assessment
311
We did not measure directly the intrinsic permeability K (m 2 ), for instance using water permeametry [61] 312 because such results are known to be unsuitable for the simulation of unsaturated water flow in 313 concretes [22] . The intrinsic permeability was rather evaluated through inverse analysis as already 314
proposed [20, 21] . For this purpose, the biggest cylinders (Ø51×H60 mm) were put in climatic chambers 315 using the constant environmental conditions reported in Table 5 . Periodically the chambers were opened 316 and the samples weighed. The tests were conducted for 65 days for 20°C and 14 days for 50 and 80°C 317 respectively. 318 319 The experimental mass variations were then described using the simplified approach detailed in part 2. 322
From a practical point of view, the finite-element code Cast3m 1 was used to solve eq. (7) and compute 323 the resulting theoretical mass variation. Different intrinsic permeability values were used and the best 324 value was selected using a least-squares minimization process. For more detail about the fitting process 325 the reader is referred to [23] . A quarter of the specimen was described in axisymmetric conditions 326 (Figure 2) . 7200 four-node quadrangles (80×90) were used. The time steps were adjusted to ensure 327 convergence (from a few seconds at the beginning of the simulations to one day at the end). Two major drawbacks were encountered when using saturated salt solutions. First, we did not find this 339 method to be successful for RH regulation: a good illustration is given on Figure 3 . We prepared a sodium 340 carbonate (Na2CO3) solution in a four-liter desiccator (the same kind as the ones used for the water 341 retention curve characterization) and left it four days in an oven at 80 ± 1°C. Temperature and RH were 342 constantly recorded using a commercial hygrometer: the RH target (85%, Table 4 ) was quickly reached. 343
After four days, we opened the desiccator and introduced four (saturated) paste specimens. The RH 344 within the desiccator then quickly increased to reach saturation (100%) due to the water release by the 345 four specimens. The RH only began to decrease 11 days after the samples introduction and returned to 346 the target value 14 days after. In this example, only four specimens were introduced whereas sixteen of them were used in the water 353 retention curve experiments. In so doing, we did not expect the salt solutions to successfully maintain 354 the RH in the short term for the three tested temperatures. We believe that it did result in increasing the 355 time needed to reach equilibrium: the resulting mass loss evolutions of the specimens could not be used 356 for water transport properties evaluation. This explains why supplementary isothermal drying tests were 357 conducted for permeability assessment. In a more general way, when using saturated salt solutions to 358 maintain constant conditions one should at least monitor the RH evolution or if possible adjust the 359 chamber volume to the specimens water release rate and salt used. 360
The second major problem we had to face was the crystallization of salt above the solution on the 361 desiccator walls which could eventually come in contact with the specimens and result in unacceptable 362 pollution. This was believed (but it was not verified) to be due to the handling operations needed to have 363 the samples weighed (periodical withdrawal from the oven which could project some solution on the 364 desiccator walls) and to the supersaturation induced by the solution cooling and drying (due to the 365 desiccator opening). This was hindered by periodical examination (twice a week) of all the desiccators to 366 check the salt crystallization. When present, the desiccator walls were thoroughly rinsed and dried using 367 pure water and a clean towel. When the time between two remediation operations was too small, both 368 desiccator and salt solution were eventually changed. The salts under discussion are sodium bromide 369 (NaBr) which was found to be difficult to use at 50 and 80°C whereas sodium chloride (NaCl), potassium 370 chloride (KCl) and to a lesser extent magnesium chloride (MgCl2) were only troublemaking at 80°C. 371
Mineralogical composition
372
The contents of portlandite and C-S-H of each paste are presented on Table 6 . The CEM I and CEM II 373 pastes showed pretty similar results (despite the limestone filler substitution). As expected, the Low-pH 374 mix was free of portlandite as already observed by Codina et al. [38] . As a consequence of pozzolanic 375 reactions, the C-S-H content was high (7.4 mol/L). The CEM V paste laid between the CEM I and the Low-376 pH pastes (2.1 mol/L). 377 A few TGA tests were also conducted using some of the specimens kept at 80°C (and CaCl2) for the 380 desorption isotherm characterization. The portlandite content of the CEM I paste was found to be almost 381 constant versus RH whereas that of the CEM V paste decreased when RH was increased. This was taken 382 as an indication of ongoing hydration (due to pozzolanic reactions) in the case of the blended cements 383 (CEM V and Low-pH). We believe that this might have had an impact on the resulting water retention 384 curves (especially at high RH and temperature) but we were unable to quantify it. 385 386 
Porosity and microstructure
389
The specific gravity of the saturated pastes H was measured using 134 specimens for each paste (Table  390 7). The mean values span from 1.73 (Low-pH) to 2.04 (CEM I): the value decreases when the amount of 391 supplementary cementing materials is increased. Table 8 summarizes the porosity results: the higher the 392 temperature, the higher the porosity. Yet whatever the drying temperature, the porosity value increases 393 with the amount of SCM. Table 9 presents the specific surface area values obtained for each paste using 394 MIP and the desorption isotherms (BET). Here again, the value of the specific surface area increases with 395 the amount of SCM in relation to the increased C-S-H content. The value obtained using the BET model is 396 always significantly higher than that of MIP. 397 Table 6 ). The impact of temperature on the water retention curve is depicted on Figure 8 . Whatever the 442 considered paste a temperature increase induces the reduction of the water retained at equilibrium with 443 any arbitrary RH. This effect was observed over the whole RH-range and even at RH=100% for the CEM I 444 and CEM II pastes but was hardly observed for the CEM V and Low-pH pastes. This was attributed to the 445 effect of ongoing hydration as detected using TGA: the resulting mass gain helped reduce the fall in 446 water content at high RH. 447 
Figure 8. Desorption isotherm of the four hardened pastes as a function of temperature (water content). 448
Each symbol corresponds to the mean value of each sample set (at least three samples) whereas the solid 449 lines stand for the interpolation using Pickett's model. 450
Isoteric energy
451
The isosteric energy of adsorption qst was assessed using eq. (1). The RH h at equilibrium with the water 452 content w was evaluated using Pickett's model (eq. 18) and the vapor pressure pv was calculated using 453 (number of adsorbed layers). This presentation allows the results to be fully comparable 459 (and not to depend on density and porosity). Apart from the Low-pH mix all the curves exhibit the same 460 evolution: qst increases at low coverage (typically between 0.0 and 0.5) from 70 kJ/mol to reach a 461 maximal value (around 100 kJ/mol) and then continuously decreases to get close to the average water 462 enthalpy of condensation (43.7 kJ/mol between 20 and 80°C) at high coverage. Note that the uncertainty 463 related to the maximal isosteric evaluation process was estimated to ± 10 kJ/mol. reaches 100 kJ/mol for the paste. One could then conclude that there is no consistency between these 493 two results. As a matter of fact, two different models were used to describe the desorption isotherm in 494 both cases: GAB and Pickett models for the concrete and the paste respectively. These models were used 495 to calculate the RH (and then the vapor pressure) at equilibrium with any arbitrary water content as 496 needed for Clausius-Clapeyron equation, see [17] for more details. When we used Pickett's model to 497 evaluate the concrete isosteric energy from the CEM I paste results we obtained an almost perfect 498 match. The equation used for the description of the water retention curve (GAB or Pickett in our case) 499 appears to be very important since it greatly influences the resulting isosteric energy qst. As a 500 consequence when handling such data, one has to be very careful and be consistent in the choice of the 501 model used to describe the water retention curve in order to avoid erroneous results. 502 30 503 Figure 10 . Comparison between the isosteric energy evolutions obtained in this study and in a previous 504 study [13, 17] . 505 506 This good isosteric energy correspondence was also supported by the comparison between paste and 507 concrete desorption isotherm as shown in Figure 11 . Figure 11 (a) presents the experimental desorption 508 isotherm at 80°C for the CEM I paste tested in this study and the corresponding concrete studied in [13] . 509
To make the two isotherms comparable (porosity and density are different) the water content w was 510 divided by its maximal value wmax. The two datasets describe almost the same curve (despite the 511 variability). initial mass of the saturated specimens was taken as reference/standard to compute mass loss). The 523 CEM II paste exhibited the fastest mass loss (7% after 60 days) far above the CEM I (4.5% after 60 days). 524
Here the effect of the 25% clinker substitution by limestone filler appeared to have a significant impact 525 (unlike the pore-network distribution and desorption isotherm). The CEM V and Low-pH pastes showed 526 almost the same mass loss evolution (3.3% after 60 days). 527 1.E-07
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1 Table 11 . It has to be 552 noted that the CEM V paste showed an unexpected and unexplained permeability decrease between 20 553 and 50 °C which cannot be described using eq. (18). 554 555 (a) Direct measurement from Powers (1979) (b) Inverse analysis from this study Figure 15 . Permeability versus temperature: (a) following Powers [5] , using water permeametry between 556 0 and 30°C and (b) inverse analysis from this study. 557 
